The three-dimensional structure of a Dab2-derived peptide encompassing the sulfatidebinding motifs (SBM) has been determined in dodecylphosphocholine (DPC) micelles using NMR spectroscopy. Dab2 SBM contains two helices when embedded in micelles, reversibly binds to sulfatides with moderate affinity, lies parallel to the micelle surface, and, when added to a platelet mixture, reduces the number and size of sulfatide-induced aggregates. Overall, our findings identify and structurally characterize a minimal region in Dab2 that modulates platelet homotypic interactions, all of which provide the foundation for rational design of a new generation of anti-aggregatory low-molecular mass molecules for therapeutic purposes.
Disabled-2 (Dab2) is a cargo-specific adaptor protein involved in endocytosis, cellsurface receptor turnover, and cell signaling (1) (2) (3) (4) . Expression of Dab2 is frequently lost in about 90% of all breast and ovarian cancers and its homozygous deletion has been identified in numerous tumors, pointing to a role for this protein in tumor suppression (5, 6) . Two isoforms of Dab2 have been identified: a long isoform (known as p96 or p82) that is localized at the plasma membrane (2-4) and a shorter form of the protein (known as p67 or p59) that exhibits a diffuse distribution in the cell with remarkable nuclear localization (7) . The ability of Dab2 to display a wide range of functions is centered in its modular architecture. The N-terminal region of Dab2 includes a phosphotyrosine-binding domain (PTB) followed by two Asp-Pro-Phe (DPF) and five Asn-Pro-Phe (NPF) motifs and a C-terminal proline-rich SH3 domain (8) .
The PTB domain has been involved in a variety of cellular functions ranging from signal transduction, membrane trafficking, and cytoskeletal assembly (9) . Despite its initial characterization as a tyrosine phosphorylated AsnPro-any residue-Tyr (NPXY) motif-binding module, the PTB domain exhibits no preference for phosphorylation in tyrosine residues or for non-phosphorylated NPXY/F-containing proteins (10) . The crystal structures of the Dab1 and Dab2 PTB domain exhibit seven central β-strands, which form two orthogonal β-sheets followed by a C-terminal α-helix (11, 12) . In addition to recognizing short motifs, the PTB domain binds to phosphoinositides (9) . The Dab1 and Dab2 PTB domains bind to both phosphatidylinositol 4-phosphate and phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P 2 ), at a lipid-binding site that faces opposite of the NPXY motif (11) (12) (13) . Moreover, the N-terminal region of Dab2, including its PTB domain (N-PTB), has been recently reported to bind the α IIb β 3 integrin receptor to negatively regulate platelet-fibrinogen interactions (14, 15) . To exert this function, Dab2 binds to platelet surface sulfatides through two conserved sulfatide-binding motifs within N-PTB. This association is proposed to partition Dab2 into two extracellular pools, the sulfatide-and the integrin-bound complexes, modulating the extent of platelet aggregation (15) . Sulfatide binding by Dab2 is required to efficiently compete, among other receptor molecules, with P-selectin, a sulfatide-binding pro-aggregatory protein, whose surface expression is consequently reduced (16).
Recently, we characterized the molecular mechanism by which Dab2 N-PTB recognizes its lipid ligands, PtdIns(4,5)P 2 and sulfatides, using multiple biophysical approaches (17) . First, PtdIns(4,5)P 2 and sulfatides compete with each other for Dab2 N-PTB binding, consistent with earlier findings that both lipids require the conserved residue Lys53 (15) . Whereas sulfatides contribute to Dab2 membrane penetration on the platelet surface, PtdIns(4,5)P 2 likely allows the protein to contact the inner leaflet of the plasma membrane to trigger clathrin-mediated endocytosis (17) .
Sulfatides are well-characterized lipids that contribute to hemostasis (18) . Their surface local concentration increases upon platelet activation (19) leading to the recruitment of extracellular pro-aggregatory (i.e., von Willebrand factor, P-selectin) (20, 21) and anti-aggregatory proteins (Dab2) (14, 15) . Given the critical role of membrane sulfatides in platelet function and the presence of multiple ligand binding sites in Dab2 N-PTB, we have generated a Dab2-derived peptide that contains the two sulfatide binding motifs (SBM). Here, we report the solution structure of Dab2 SBM embedded in dodecylphosphocholine (DPC) micelles. Using NMR spectroscopy, we have investigated the nature of Dab2 SBM-sulfatide interaction, and established that the majority of the interacting residues map on the second sulfatide-binding motif. The orientation of Dab2 SBM relative to a sulfatide-enriched DPC micellar surface was probed using paramagnetic agents on the NMR resonances of Dab2 SBM. We demonstrate that Dab2 SBM exhibits a parallel orientation below the micellar surface but does not cross to its center. Importantly, we found that Dab2 SBM exhibits an anti-aggregatory activity comparable to that of the fibrinogen-derived peptide, Arg-GlyAsp-Ser (RGDS) when evaluated under hemodynamic conditions that mimic those of the vasculature. was cloned into pGEX6P1 (GE Healthcare) and the glutathione S-transferase (GST) fusion protein expressed in Escherichia coli (Rosetta; Stratagene). Bacterial cells were grown in either Luria-Bertani or minimal media at 37ºC until they reached an optical density of ~0.8. Induction of GST fusion protein resulted from the addition of 1 mM isopropyl β-D-thiogalactopyranoside (Research Products International) followed by incubation for 4 h at 25ºC. The fusion protein, bound to glutathione beads (GE Healthcare), was cleaved by incubation with PreScission protease (GE Healthcare) for 3 h at room temperature. Free Dab2 SBM was concentrated to dryness using a centrifugal evaporator (Savant SpeedVac). The dried peptide film was then suspended in 6 M urea for 30 min at room temperature and subjected to size-exclusion chromatography using a Superdex 30 column, equilibrated with 50 mM Tris-HCl (pH 8), 250 mM NaCl, and 3 M urea, driven by an FPLC system (GE Healthcare).
EXPERIMENTAL PROCEDURES
Dab2 SBM fractions were pooled and desalted on a C18 column (Waters Sep-Pak) and dried again as described above and stored at -80ºC until use. The purity of the peptide was higher than 95% as estimated by mass spectrometry analysis. (25) . Spectra were processed using TopSpin (Bruker) and NMRPipe (26) and analyzed using Sparky (27) .
NMR spectroscopy-NMR
Structure Calculations-Structure calculations were obtained using Xplor-NIH (version 2.28) (28). Distance restraints used in the structure calculations were classified as strong (1.8-2.7 Å), medium (1.8-3.3 Å), weak (1.8-5 Å), and very weak restraints (1.8-6 Å) based on NOE peak intensities. The torsion angle restraints were obtained from the TALOS program using backbone chemical shifts (29) . A total of 200 structures were calculated from the structural restraints using the standard simulated annealing protocol (sa_new.inp) included in the Xplor-NIH software package and further refined using the refine.inp protocol. The structures showed no NOE violations greater than 0.5 Å and no dihedral angle restraint violations larger than 5° were accepted using the accept.inp. Twenty structures with the lowest energy were selected as the most representative structures for further analysis. The stereochemical qualities of the structure were monitored using the PROCHECK-NMR software. The final structures were generated using 15 N HSQC spectra caused by close proximity to the spin label was calculated as the ratios of the peak intensities of the spectra in the absence to the presence of the probe.
Circular
Dichroism Spectroscopy-Far-UV circular dichroism (CD) spectra were recorded using a Jasco J-815 spectropolarimeter. Fiveaccumulated scans from 260 to 190 nm were collected on 150-µl volume samples containing 20 µM Dab2 SBM in 10 mM citrate (pH 5) and 40 mM KF in the absence or presence of 10 mM DPC (Anatrace/Affymetrix) and held in a 1-mm path length cell at 25°C. The secondary structure content of the peptide was calculated using the CDPro software.
Surface Plasmon Resonance-Stocks of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine and sulfatides (Avanti-Lipids) and cholesterol (Sigma) were dissolved in organic solvents following manufacturer's instructions. Liposomes were prepared as previously reported (16). All surface plasmon resonance (SPR) measurements were performed on a BIAcore X-100 system (GE Healthcare) at 25°C in running buffer containing 10 mM Tris-HCl (pH 7.4) and 100 mM NaCl. Running buffer was used for the equilibration, association, and dissociation steps. The surface of an L1 sensor chip was washed by injecting 40 mM N-octyl β-D-glucopyranoside at a flow rate of 30 µl/min. Approximately 3,000 response units of liposomes were immobilized onto the surface of the sensor chip at a flow rate of 5 µl/min. Sulfatide-free liposomes were used as the control surface. Each of the sensor chip flow cells were then blocked using 0.1 mg/ml of fatty acid-free BSA (Sigma Aldrich). Dab2 SBM was then injected over the liposome-coated surface of the sensor chip at a flow rate of 30 µl/min, in a range between 0 to 180 µM. In each cycle, flow cells were regenerated with 20 mM NaOH. After subtraction of nonspecific binding traces, the sensorgrams were analyzed using BIAcore X-100 evaluation software (version 2.0). Microfluidic Design-The microfluidic device as well as the shear stress conditions used in these studies were essentially as reported (16). Briefly, the microfluidic device consisted of a simple straight channel 500 µm wide, 50 µm deep, and 3.625 cm long.
Blood Collection and Platelet Purification-Blood
Flow was driven by a microsyringe pump (Cole-Parmer) and the pump was set at 0.05 ml/h. These conditions led to an average velocity of 0.55 mm/sec in the channel, which is within the range of in vivo blood velocity (31) and produces a shear rate of 70 sec -1 . Channels were coated with a cell-free platelet poor plasma fraction, which was obtained by centrifugation of the sample at 13,000xg for 10 min at room temperature. Coating was performed for 2 h at 37°C in the presence of 5% CO 2 . Platelets flowing through the channel were detected using an inverted light microscope (DMI 6000B, Leica Microsystems) equipped with a digital camera (DFC420, Leica Microsystems).
Quantitative
Measurements of Platelet Aggregates-Quantification of aggregate formation was carried out using MATLAB (The MathWorks, Inc.) with an in-house developed code as described (16). For this experiment, we were primarily interested in the size and number of objects that were definitely composed of more than one platelet. After stationary objects were identified and sized, the previous methodology was extended to sort objects by size into single platelets and platelet aggregates, and only the aggregates were considered for the remainder of the analysis. The threshold was chosen as >57.5 µm 2 based on comparison of the size distribution of the platelet-only condition to the remaining cases. Dividing each video into four horizontal independent regions, and calculating the mean and standard deviation of the platelet aggregates between each segment assessed regional variability of each condition. Statistical differences in the means were tested using a balanced one-way ANOVA test and a Tukey-Kramer honest significant difference test for multiple comparisons.
RESULTS

Resonance
Assignments and Structure Constraints-A peptide containing the membraneassociated sulfatide-binding motifs of Dab2 (Fig.  1A) was synthetically generated and exhibited a disordered conformation based on CD (Fig. 1B) and NMR (data not shown) analyses. DPC was chosen to investigate Dab2 SBM membranebinding properties since this zwitterionic detergent contains a phosphocholine headgroup and, therefore, mimics the anisotropy milieu of a lipid cell membrane. DPC forms stable micelles with a molecular mass of about 20 kDa, which results in a reasonable correlation time that enables NMR studies of hydrophobic or amphipathic helical regions (32) . Dab2 SBM displayed a helical conformation in DPC micelles evidenced by the presence of a minimum at 205 nm, a shoulder at 222 nm, and a maximum at 195 nm (Fig. 1B) . Dab2 SBM is quite stable in DPC micelles and, therefore, is suitable for NMR measurements to determine its structure and topology in a membrane-like environment. The NMR spectra of Dab2 SBM were recorded in the presence of d 38 -DPC micelles at a relative stoichiometry of ~3:1 (micelle to peptide). The HSQC spectrum of Dab2 SBM displayed well-resolved 1 H-15 N chemical shifts, indicating that the peptide exhibited a defined structure in micelles (Fig. 1C) . The Gly31, Glu33, and Lys34 residues displayed two sets of cross peaks with unequal intensities in the 1 H-15 N HSQC spectrum of the peptide. Since all of the chemical shift heterogeneities are around Pro32, we hypothesize that this is due to the cis/trans isomerization of X-Pro bonds commonly observed in proteins. The NOE connectivities between Hδ of Pro and HN and/or Hα of the preceding residue are diagnostic for a trans peptide bond, whereas the NOE connectivities between the Hα of proline and the HN and/or Hα of the preceding residue are characteristic of a cis conformation (33, 34) . In Dab2 SBM, the Pro32 residue of the major species was in a trans conformation as indicated by the presence of strong NOEs between Hα of Gly31 and Hδ of Pro32. Furthermore, in 2D 1 H-1 H NOESY and 3D NOESY-HSQC spectra, only a small number of NOE connectivities were observed from Ser24 to Arg42, indicating a random coil conformation of the N-terminus of Dab2 SBM, whereas a large number of NOE connectivities, such as dα N (i, i + 3), dα N (i, i + 4), and dαβ(i, i + 3), appeared from Phe43 to Gly56, which are indicative of α-helices ( Fig. 2A) . The superposition of the backbone atoms of the 20 lowest energy conformers calculated from NOEbased distance constraints and the ribbon representations of Dab2 SBM in DPC micelles are shown in Fig. 2B and C, respectively. The peptide contains a long disordered N-terminal region followed by two α-helices spanning residues Tyr38 to Phe43 (helix 1) and Val48 to Ile55 (helix 2) (Fig. 2B and C) . Visualization of the calculated surface charge distribution of the Dab2 SBM structure suggests an amphipathic nature of the peptide with positively charged residues found on opposite faces to negatively charged residues (Fig.  2D) . The structural organization of the micelleembedded Dab2 SBM is in agreement with sequence conservation among human and mouse Dab proteins, in which the C-terminal region displays the highest sequence identity (Fig. 1A) . Information on experimental restraints employed to calculate the 20 structures are given in Table 1 .
Dab2 SBM is the minimal functional unit of Dab2
N-PTB-The N-terminal region of Dab2 (N-PTB) binds sulfatides by two well-conserved sulfatide binding motifs (15) . Given that Dab2 SBM was designed based on the presence of these motifs, we addressed whether the peptide was still able to (Fig. 3A) . The most significant chemical shift changes were observed at the C-terminal region of the peptide, including residues Arg42, Ala52, Leu54, Ile55, Gly56, and Asp58 (Fig. 3B, red dotted line, and C) . Less significant chemical shift perturbations induced by DPC-embedded sulfatides were in residues Tyr38, Leu39, Leu40, Gly45, Val48, Lys49, Try50, Lys51, and Lys53 (Fig. 3B , yellow dotted line, and C). Using site-directed mutagenesis, we have previously shown that Dab2 residues Lys25 (located in the first sulfatide-binding motif), and Lys49, Lys51, and Lys53 (second sulfatidebinding motif) are critical for sulfatide binding in N-PTB (15) . Thus, our functional and structural studies demonstrate that the second sulfatidebinding region in Dab2 SBM plays a major role in sulfatide recognition. Most of the N-terminal residues, including the first sulfatide-binding region, showed small or no significant perturbations (<0.04 ppm). To demonstrate that the observed spectral changes are not due to the slight change in DPC concentration and dilution of the Dab2 SBM sample, the same amount of freesulfatide d 38 -DPC was added to the NMR sample and HSQC spectra were recorded. No chemical shifts were detected in the spectrum (data not shown), indicating that all chemical shift perturbations are attributed to the presence of sulfatides.
The platelet plasma membrane is similar in composition to that observed in other eukaryotic cells with phosphatidylcholine, sulfatides, and sphingomyelin found preferentially in the outer leaflet, whereas PtdSer and PtdEth are the most abundant lipids in the inner leaflet (35, 36) . Cholesterol is abundant in both layers with a molar ratio of cholesterol to phospholipid being about 0.5 (37) . Interestingly, upon stimulation of platelet aggregation, both PtdEth and PtdSer translocate from the inner to the outer leaflet (39) . Given their transient location at the platelet surface, we therefore tested whether these lipids could also interact with Dab2 SBM. We found that whereas the negatively charged PtdSer interacted with Dab2 SBM (Fig. S1B) , the zwitterionic PtdEth and PtdCho bound poorly with the peptide (Fig. S1C) , suggesting that PtdSer could also be a ligand for Dab2 SBM.
We next used SPR measurements to confirm sulfatide-binding of Dab2 SBM using unilamellar vesicles composed of physiologically relevant lipids found in the plasma membrane. Dab2 SBM bound to immobilized sulfatide liposomes with high association and dissociation rates (Fig. 3D) . Peptides bound to lipid surfaces generally display complex biphasic traces for both association and dissociation phases because they initially bind to the lipid head groups followed by insertion into the acyl chain region of the liposome (40, 41) . Initial association of Dab2 SBM to sulfatide liposomes occurs rapidly and the process is followed by accumulation of the peptide on the lipid surface (Fig. 3D) . Towards the end of Dab2 SBM injection, the resonance signal decreases rapidly early on in the dissociation phase since free and weakly bound peptides are removed by the running buffer. This phase is followed by a slow period in which the sensorgram does not return to the baseline, suggesting that a population of the peptide remains bound to the lipid surface. The sulfatide liposome binding behavior of Dab2 SBM is comparable to that observed in Dab2 N-PTB (17 38 -DPC. Almost all the peaks disappeared in the spectrum (data not shown) due to the extremely rapid exchange of amide protons of SBM indicating that the peptide may remain on the micelle surface or be exposed to water. However, it is also possible that Dab2 SBM is buried but has transient access to the micelle surface.
Paramagnetic transition ions, such as Mn 2+ , enhance relaxation in a distance-dependent manner and, therefore, broaden NMR resonances from protein residues exposed to aqueous solvent (43) . Thus, Mn 2+ was used to provide the localization of Dab2 SBM in sulfatide-enriched micelles. Mn 2+ leads to a reduction of the resonances of the first 16 N-terminal residues of the peptide, indicating that these residues are more solvent exposed (Fig. 4A) . This is consistent with the unstructured nature of the peptide in this region. Interestingly, the interhelical region is also broadened, whereas the two helical elements are less perturbed (Fig. 4A ). In addition, we observed a series of strong cross peaks between the HN signals of Ser24, Lys25, Lys26, Lys28-Gly31, Thr35, and Asp36 residues and water molecules in NOESY spectra (data not shown), which may originate from either NOEs or exchange between water and these residues. This confirmed that the N-terminus of Dab2 SBM is exposed to water. In addition to Mn 2+ , we also employed paramagnetic quenching with 5-DSA and 16-DSA ( Fig. 4B and  C) . In 5-DSA, the doxyl moiety is localized close to the polar head group of the micelle near the membrane-water interface, whereas 16-DSA contains a spin label near the end of the fatty acid chain, thus, the probe will be found at the center of the micelle. In the presence of 5-DSA, the Cterminal half of Dab2 SBM resonances were broadened (Fig. 4B) , and no further significant reduction in resonance intensities were observed with 16-DSA (Fig. 4C) . All together, these data suggest that Dab2 SBM contacts below the surface of sulfatide-enriched micelles without traversing the micelle. We propose that the two helical elements of Dab2 SBM lie parallel to the micelle surface and that the second helical element plays a role in sulfatide interactions through the second sulfatide-binding motif.
Inhibition of Platelet Aggregation by Dab2 SBM-
We have previously shown that Dab2 N-PTB inhibits platelet aggregation by binding to platelet surface sulfatides under physiological shear conditions using a microfluidic system (16). For all the studies, the microfluidic device's microchannel was coated with platelet-poor plasma, which contains adhesive proteins necessary for platelet activation. Washed platelets were flown over the coated channel in the absence or presence of sulfatide-enriched liposomes and the indicated proteins and formation of platelet aggregates was followed over time. Consistent with our previous report (16), untreated platelets showed basal platelet activation and minimum platelet aggregation formation, whereas ADPstimulated platelets incubated with sulfatide liposomes led to the formation of large aggregates ( Fig. 5A and B) . Accordingly, Dab2 N-PTB inhibited platelet aggregation, whereas mutations in its sulfatide binding motifs (Dab2 N-PTB 4M ) reverted the inhibitory effect ( Fig. 5C and D) . Likewise, Dab2 SBM reduced platelet aggregation, albeit to a lesser degree, when compared with Dab2 N-PTB under identical experimental conditions (Fig. 5E) . Remarkably, Dab2 SBM anti-aggregatory activity was comparable to that exhibited by RGDS (Fig. 5F ), a low-affinity fibrinogen-derived peptide that inhibits platelet aggregation to that exhibited by acting on the α IIb β III integrin receptor (44) . The differences found between Dab2 SBM and N-PTB regions for inhibition of platelet aggregation is believed to reflect their distinct binding affinities for the lipid [this report and (15)].
Dab2 SBM Directly Modulates Adhesive Platelet
Aggregate Formation-Next, we asked how effective Dab2 SBM is in altering the size and number of platelet aggregates when compared to Dab2 N-PTB under physiological hemodynamic conditions. Using the microchannel device, we flew washed platelets onto plasma protein-coated channels and measurements were carried out as described in the Material and Methods section. As expected, addition of both ADP and sulfatideenriched liposomes increased the number (Fig. 6A ) and cluster size (Fig. 6B ) of platelet aggregates when compared with nonstimulated washed platelets (Fig. 6) . Accordingly, addition of Dab2 N-PTB, but not its sulfatide-binding deficient form (Dab2 N-PTB 4M ), significantly reduced both the number and size of the aggregates consistent with our previous observations (16). The RGDS peptide also affected platelet aggregation number and size, although to a lesser extent (Fig. 6 ). Dab2 SBM comparably affected the number and size of clusters. Dab2 SBM inhibitory properties became at VIVA, Virginia Tech, on www.jbc.org Downloaded from more apparent when the peptide concentration was increased from 10 to 100 µM (data not shown). Overall, these findings are consistent with our SPR data, in which Dab2 SBM exhibited a weaker affinity for sulfatides (Fig. 3D) compared to the N-PTB region of the protein (15) . Together, our data indicate that Dab2 SBM is an active peptide that can modulate platelet aggregation under physiological conditions and that its regulatory role is associated with sulfatide binding.
DISCUSSION
In this study, we obtained the solution structure for a Dab2-derived peptide that encompasses the two sulfatide-binding regions found in the protein. The 15 N, 1 H HSQC spectrum of Dab2 SBM exhibited poor resonance dispersion in the 1 H dimension (data not shown) and this, together with the observed strong CD spectrum minimum at 199 nm, indicated that the peptide was disordered (Fig.  1B) . The peptide showed resonances with uniform line width and signal intensity and adopted a helical structure when embedded in DPC micelles. The change in peptide structure suggests that this region contacts sulfatide-enriched membranes in Dab2. The DPC-embedded SBM peptide displayed a long N-terminal disordered region followed by two helical elements. The crystal structure of the mouse Dab2 PTB domain (residues 33-191) reveals the presence of a short helix (residues 37-42) that partially overlaps with the first helix of the DPC-embedded Dab2 SBM (residues 38-43), whereas a long Dab2 PTB β-strand element (residues 48-60) is replaced by a helical element in the micellar Dab2 SBM (residues 48-55). In DPC micelles, Dab2 SBM adopts a helical structure with significant curvature at the center region (Fig. 2C) . The surface electrostatic potential of the peptide clearly shows the amphipathic nature of Dab2 SBM (Fig.  2D) , a property found in other helical membranebinding extracellular proteins that bind anionic lipids (45) . The amphipathic helical fold in the SBM region of Dab2 could facilitate the platelet sulfatide-mediated membrane localization once the protein is secreted via α-granules.
Sulfatides are sphingolipids found at the outer leaflet of the plasma membrane of most eukaryotic cells and they represent the major lipid component (4-6%) of the myelin sheath in the mammalian nervous system (46) . Sulfatides interact with several proteins specifically participating in hemostasis, cell adhesion, differentiation, and signal transduction (18) . We have recently shown that the N-terminal Dab2 N-PTB specifically binds sulfatides through basic residues located in two consensus sulfatidebinding motifs (15) . We have also reported that sulfatide recognition by Dab2 is required for the protein to regulate the surface expression of Pselectin, which is critical for homo-and heterotypical interactions with leukocytes (16). Our NMR analysis indicates that several hydrophobic residues in the second helix of SBM are perturbed by the presence of sulfatides (Fig.  3A-C) . Particularly, this second helix is rich in lysine residues, which can interact with sulfatides through electrostatic interactions, and, together with the surrounding nonpolar residues facilitate contact of the peptide to the membrane surface. Indeed, the residues in the second helix, which correspond to the major sulfatide-binding region previously described by our group (15) , are conserved among Dab proteins (Fig. 1 A) . Also, our NMR data suggest that the first putative sulfatide-binding motif in Dab2 SBM does not play any major role in interactions with the sphingolipid. This observation is consistent with our previous data, in which one mutation in the first sulfatide-binding site and three mutations in the second sulfatide-binding site are required to abolish sulfatide binding of the Dab2 N-PTB region (15) . Also, the major role of the secondsulfatide binding motif in lipid recognition is supported by our paramagnetic quenching experiments, in which the second half of the peptide is not contacting the solvent (Fig. 4) . Given that the HSQC spectra do not display the HN side chains of Dab2 SBM lysine residues, we cannot rule out the possibility that the lysine side chains of the first sulfatide-binding motif can contribute to sulfatide recognition.
Our HSQC analysis indicates that Dab2 SBM can also interact with negatively charged lipids such as PtdSer, but poorly with zwitterionic phospholipids (Fig. S1) . In contrast to the permanent residence of sulfatides at the platelet surface, PtdSer is transiently exposed during platelet activation and its surface exposure depends on certain physiological conditions such as Ca 2+ influx from the extracellular medium (47). Therefore, it is possible that Dab2 SBM can interact with both sulfatides and PtdSer, but cell surface sulfatides are likely the major target for the peptide.
A few protein tertiary structures in complex with sulfatides have been determined, including the saposin B/sulfatide (48), CD1a-sulfatide (49), CD1d-sulfatide (50), the Taiwanese Cobra cardiotoxin (51) , and the glycolipid transfer protein (GLTP)-sulfatide (52) complexes. There are some differences in how these proteins contact sulfatides. Whereas GLTP contacts sulfatides by a hydrogen-bond interaction network to the negatively charged sulfatide head group and its corresponding backbone, very few hydrogen bonds between the sphingolipid ceramide backbone and saposin B, CD1a, CD1b, and cardiotoxin are observed. In CD1 proteins, the lipid tails contact their hydrophobic pockets via van der Waals interactions, in which the attractive and repulsive forces are the same between the two molecules (53) . Interestingly, both saposin B and cardiotoxin dimerize when in contact with sulfatides. In saposin B, dimerization is required for the assembly of a hydrophobic cavity that allows contact to both sulfatide hydrocarbon chains (48) . In the case of cardiotoxin, the lipid head group is buried in a pocket formed by two protein monomers with several basic residues contacting both the sulfate and the galactose groups (51) .
Based on our functional and structural data, we propose that the interaction of Dab2 with sulfatide membranes mainly depends on the integrity of the second sulfatide-binding motif, which is located within the PTB domain. This association is driven by conserved basic and nonpolar residues present in this motif surrounded by other residues outside of the SBM peptide that may contribute to membrane insertion. Basic residues in Dab2 may interact electrostically with the negatively charged sulfatide head group, whereas neighbor nonpolar residues contribute to membrane interactions. Also, we hypothesize that membrane contact could be accompanied by a conformational change in the second sulfatidebinding motif, which is a β-strand in the PTB domain (11) but adopts a helical structure when it interacts with membrane mimics (Fig. 2) . This hypothesis is supported by the observed conformational change of the Dab2 N-PTB region in sulfatide-enriched micelles (17) .
Since DPC micelles present a thickness comparable to that of a plasma membrane (54) , the topology of SBM relative to the sulfatide-enriched micellar surface and peptide insertion was investigated using paramagnetic probes including Mn 2+ , 5-DSA, and 16-DSA. The disordered Nterminus of Dab2 SBM, comprising residues 24-39, is exposed to the solvent and the two helices lie approximately parallel to the sulfatide-enriched micelle surface. Indeed, both 5-DSA and 16-DSA affected most of the hydrophobic residues (Ala52, Leu54, and Ile55) of Dab2 SBM, located at the Cterminal half of the peptide. Other NMR resonances that became broadened by the paramagnetic probes are Lys44, Lys49, Lys51, and Lys53, which likely interacted with the negatively charged sulfatide head group. In fact, Lys49, Lys51, and Lys53 belong to the second sulfatide-binding motif, whose resonances were perturbed in our HSQC titration studies (Fig. 2A) . The observed amphipathic nature of Dab2 SBM and the paramagnetic quenching data suggest that the basic and nonpolar residues in the second helix are partially immersed in the sulfatide-enriched micelle and that the residues in the first helix play a minor role in membrane interactions. Taken together, we propose that Dab2 SBM employs electrostatic and hydrophobic interactions with the sulfatide headgroup and with the acyl chain region of the lipid, respectively, which are essential for driving the peptide to the membrane surface to anchor it in a parallel orientation. Thus, whereas Dab2 SBM lies at the surface of these membrane mimics (Fig. 4) , the Dab2 N-PTB region penetrates sulfatide-enriched micelles (17) . This difference could be attributed to the lack of additional membrane-binding residues in SBM that map within the N-PTB region. The absence of deep membrane penetration of Dab2 SBM is reflected by the reduced binding affinity of the peptide for sulfatides when compared with that of the N-PTB region (15) . The difference in affinity is also evidenced in the strength of the inhibition of platelet aggregation by these regions of Dab2 (Fig. 5) . Nonetheless, SBM is an active peptide and inhibits platelet aggregation in a sulfatidedependent manner.
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Formation of thrombus initiates in platelet attachment, cohesion, and aggregation on the surface of extracellular matrices. Surface platelet proteins including fibronectin, Von Willebrand factor, and fibrinogen regulate thrombus formation. Fibrinogen interacts with the α IIb β 3 integrin receptor and induces platelet aggregation (55) . One of the fibrinogen regions critical for both integrin receptor recognition and cell-cell interaction is the tetrapeptide sequence RGDS/F (amino acids 572-575) (56) . RGD peptides inhibit fibrinogen binding to activated platelets and, consequently, platelet aggregation (57) . However, these peptides have been reported to promote in vitro endothelial cell detachment (58) causing some concern about its toxicity in vivo. Moreover, RGD peptides have low activity and poor stability in plasma (59) . Milk-derived peptides, such as those from casein and lactoferrin (60, 61) , have been reported to show anti-thrombotic activity, although it is not known whether they can be effective in vivo. Here, we report that Dab2 SBM peptide exhibits anti-aggregatory activity comparable to that observed with the fibrinogenderived RGDS peptide (Fig. 6) . Further studies will be devoted to address the biological activity, toxicity, and stability of Dab2 SBM in in vivo models.
In summary, we have solved the threedimensional structure of a Dab2-derived peptide embedded in DPC micelles, which exhibited sulfatide-binding properties. We have identified the sulfatide-interacting residues and defined the orientation of the peptide in the membrane. The Dab2 SBM antiplatelet activity is weaker than the corresponding N-PTB region but comparable to the antiplatelet integrin receptor blocker, the RGDS peptide. Thus, these studies will provide the basis for the design of promising SBM-derived low-molecular mass antiplatelet agents. 
